In the membrane bioreactor (MBR) process, coarse bubble aeration is used to scour the surface of the membranes to help control biofouling. Energy required for coarse bubble aeration represents a significant fraction of the total power demand for these systems. To reduce this demand, MBR systems manufactured by Zenon Environmental Inc. operate with cyclic aeration, using a cycle of 10 seconds on and 10 seconds off (10/10 aeration cycle). The objective of this study was to evaluate the potential to reduce power requirements for a full-scale Zenon MBR facility that is currently under construction by application of an alternative aeration cycle. The alternative cycle consists of 10 seconds on and 30 seconds off (10/30 aeration cycle), which reduces scouring air requirements by 50% from the 10/10 cycle. To achieve this objective, a pilot-scale evaluation using an existing 30-gallon per minute MBR plant was conducted. The specific goal of the evaluation was to compare the ability of the 10/10 and 10/30 cycles to control biofouling while operating over a range of flux values. In addition to the pilot-scale testing, an estimate of anticipated power costs savings resulting from implementation of the 10/30 cycle was determined for the full-scale facility. Key findings include: (1) While operating with the 10/10 cycle at a flux of 12 gallons/ft 2 -d (gfd) over a period of two months, there was no measurable fouling observed. The fouling rates at 15 and 18 gfd were approximately 0.1 and 0.3 psi/day, respectively; (2) While operating with the 10/30 cycle at 12 gfd, a relatively significant amount of fouling was observed after only 14 days of operation, indicating that long operating periods could not be sustained between membrane cleanings; (3) 10/30 cycle fouling, at a flux of 12 gfd, was significantly reduced by modifying the permeate production cycle of the system from 12 minutes permeation/30 seconds relaxation to 12 minutes/45 seconds. As a result of this modification, it was estimated that the system could be operated for 17 months before the membranes would need to be cleaned; (4) 10/30 cycle fouling rates at fluxes of 15 and 18 gfd were approximately 1.1 psi/day and 9.4 psi/day, respectively. These rates are significantly higher than what was observed while operating with the 10/10 cycle; (5) It was estimated that implementation of the 10/30 cycle would result in an approximate 20% reduction of the total power requirements, and thus costs, for the full-scale MBR facility.
INTRODUCTION
Since 2002, the Los Angeles County Sanitation Districts (Districts) have been conducting pilotscale research on the membrane bioreactor (MBR) process to determine the potential application of these systems for water reclamation (Mansell et al., 2004 (Mansell et al., , 2005a (Mansell et al., , 2005b . In 2004, the Districts decided to construct a 1 million gallon per day (MGD) MBR facility at the existing Lancaster Water Reclamation Plant (WRP) to continue research on the process at full-scale as well as to provide high quality reclaimed effluent for unrestricted reuse. Three MBR manufacturers were invited to provide proposals for the design of the 1-MGD plant. Following a thorough review of the proposals, the Districts awarded the project to Zenon Environmental Inc. (Zenon). Design information for the Lancaster MBR plant is presented in the following section. The plant is currently under construction and is expected to be operational by August 2006.
Membranes used in MBR processes are subject to biofouling during operation. Biofouling results from interaction of the membranes with components of the biomass and can be characterized by three mechanisms: (1) macromolecule adsorption, (2) pore plugging by cell debris and colloidal particles, and (3) sludge-cake deposition at the membrane surface (Liao et al., 2004) . In Zenon systems, biofouling is controlled by employing a combination of operations strategies that include periodic relaxation periods, maintenance cleans, recovery cleans, and coarse bubble aeration to scour the surface of the membranes. Maintenance cleans consist of a series of backpulses with hypochlorite solution at a concentration of 200-500 mg/L and are typically carried out one to three times per week. Recovery cleans consist of soaking the membranes in hypochlorite solution at a concentration of 1000 mg/L for a period of 6-8 hours and are typically required to be carried out one to two times per year.
Energy required for coarse bubble aeration represents a significant fraction of the total power demand for MBR systems. To reduce this demand, one strategy is to operate the coarse bubble aeration system with cyclic, rather than continuous, scouring of the membranes. This strategy is patented by Zenon and is employed in their systems in which the membranes are aerated with a cycle of 10 seconds on and 10 seconds off (10/10 aeration cycle). Recently, Zenon developed an alternative cycle that, when appropriately designed and applied, reduces aeration requirements by 50% from the 10/10 cycle. The alternative cycle consists of 10 seconds on and 30 seconds off (10/30 aeration cycle).
Although the Lancaster MBR plant was originally designed to operate with the 10/10 cycle, the Districts wanted to explore the potential to reduce the power demand and associated costs for this facility by implementation of the 10/30 cycle. To achieve this objective, the Districts conducted a pilot-scale evaluation using an existing 30-gallon per minute (gpm) Zenon MBR system located at the Whittier Narrows WRP. The specific goal of the evaluation was to compare the ability of the 10/10 and 10/30 cycles to control biofouling while operating over a range of flux values. In addition to the pilot-scale evaluation, an estimate of anticipated power costs savings resulting from implementation of the 10/30 cycle was determined for the Lancaster MBR plant.
FULL-SCALE MBR PLANT
Design flows and corresponding net fluxes for the Lancaster MBR plant are summarized in Table 1 . Effluent water quality objectives as well as design and operating conditions are summarized in Tables 2 and 3 , respectively. The major components of the plant are summarized in Table 4 and a schematic diagram is shown in Figure 1 . 
PILOT-SCALE MBR PLANT
Figure 2 is a schematic diagram of the existing Zenon MBR pilot plant. The pilot plant was designed to treat an average daily flow of 30 gallons per minute (gpm), or a membrane flux of approximately 9 gallons per square foot per day (gfd) with two cassettes in operation. To achieve nitrogen removal, the system was configured with two anoxic tanks in series followed by an aeration tank with an internal recycle line back to the first anoxic tank. Major components of the pilot plant include the following:
• Two anoxic tanks in series with a total working capacity of approximately 3,400 gallons: Each tank is equipped with a mechanical mixer. Primary effluent is fed to the first anoxic tank through a 3-inch feed spool. The water level in the first anoxic tank is monitored to control the feed. The first anoxic tank also receives mixed liquor recycled from the aeration tank.
• An aeration tank with a working volume of approximately 6,700 gallons: Process air is provided through 38 10-inch fine bubble diffusers. A 5-hp recirculation pump (350 gpm capacity) in the aeration tank pumps mixed liquor to both the membrane tank and the first anoxic tank. Typical internal recycle ratios are between 300 and 400 % of the permeate flow. Sludge is wasted from the aeration tank.
• A membrane tank with an operating volume of approximately 1,600 gallons: Two membrane cassettes, each containing 10 Zenon ZeeWeed ® 500C hollow fiber membrane modules, are situated in the membrane tank. The total membrane surface area is 4,730 ft 2 . The nominal membrane pore size is 0.04 micrometers, which places the membranes in the ultrafiltration category. The membranes are submerged in the membrane tank in direct contact with the mixed liquor. A permeate pump generates vacuum that draws permeate through the membranes. Membrane cleaning air is introduced at the bottom of the membrane modules through coarse-bubble aerators. The resulting turbulence scours the external surface of the hollow fibers and transfers rejected solids away from the membrane surface. Mixed liquor in the membrane tank is returned to the aeration tank. Typical recycle ratios are between 200 and 600% of the permeate flow.
• Air blower: Air is provided for biological treatment and for membrane cleaning. Each membrane module requires 10 scfm of air for scouring. This air is provided alternately to the two cassettes; i.e., a minimum air flowrate of 100 scfm is provided for membrane cleaning. Process air is supplied to maintain a minimum dissolved oxygen level of 2 mg/L in the aeration tank.
• Backpulse tank: A 600-gallon backpulse tank is provided to store permeate for backpulsing during maintenance cleans. Maintenance cleans are a series of chemical backpulses with 200-500 mg/L of hypochlorite solution and are carried out at a specified time interval. To evaluate the alternative 10/30 aeration cycle, the Zenon MBR pilot-plant was first operated with the 10/10 cycle to obtain baseline performance data. The system was operated at various flux rates for specified time periods to determine corresponding fouling rates (Table 5) . For this testing, only one of the two membrane cassettes in the pilot system was used. Sludge characterization data were also collected twice per week to verify that any differences in fouling rates were due to the different aeration cycles, but not due to changes in mixed liquor properties. Sludge characterization included measurements of capillary suction time (CST) and time-to-filter (TTF), which were determined in accordance with Standard Methods (Methods 2710 G and H). Typical operating conditions and sludge characterization data for each aeration cycle are shown in Tables 6 and 7 , respectively. Based on the CST and TTF measurements, there was no significant difference in the sludge characteristics over the testing period. As shown in Figure 3 , there was no measurable increase in transmembrane pressure (TMP) while operating at a flux of 12 gfd for a period of two months. This indicates that system was operating below the transition or critical flux for the specified operating conditions. Critical flux is defined as the flux above which fouling starts to become significant (Le Clech et al., 2003) . This transition appeared to occur between 12 and 15 gfd (Figure 4 ). At fluxes of 15 and 18 gfd, the fouling rates were approximately 0.1 and 0.3 psi/day, respectively.
10/30 Aeration Cycle
After operation under baseline conditions (i.e., 10/10 cycle) the system was operated with the 10/30 cycle for approximately four months ( Figure 5 ). A recovery clean was first carried out and the system was subsequently started-up at a flux of 12 gfd. As with operation under baseline conditions, the initial production cycle was 12 minutes permeation/30 seconds relaxation. After only 14 days of operation, the TMP increased from 1.4 psi to 2.9 psi, indicating that under these conditions, long operating periods cannot be sustained between membrane cleanings. Since the system is designed to operate up to a TMP of 8 psi, these results indicate that the membranes would need to be cleaned every two months, or six times per year. This cleaning frequency would be excessive compared to the requirements for operation with the 10/10 cycle. Before the initiation of this fouling study, the system had been previously operated with the 10/10 cycle at a flux of 12 gfd for a 6-month period without a recovery clean. 
TMP, psi
During the initial 10/30 cycle operating period, it was observed that some of the 30-second relaxation periods occurred with minimal or no simultaneous air scouring of the membranes. To increase the opportunity for relaxation and air scour periods to occur simultaneously, the system was operated with an increased relaxation period of 45 seconds. This increase results in only a 2% reduction of the net flux for the system. The membranes were cleaned, and the system subsequently operated under this condition for 48 days from December 2005 to February 2006. As shown in Figure 5 , the rate of fouling, relative to operation with the 30-second relaxation period, was reduced significantly. The TMP increased from 1.6 psi to 2.2 psi during this period. Assuming a constant fouling rate, the system could be continuously operated for 17 months before it would reach a TMP of 8 psi, at which time a recovery clean would be required.
Although the rate of fouling was reduced significantly, it was still higher than what was observed while operating at a flux 12 gfd with the 10/10 cycle (i.e., sub-critical flux operation). To determine if the fouling rate could be further reduced, the membranes were cleaned and the system was subsequently operated with a 1-minute relaxation period, which results in an additional 2% reduction of the next flux. The system was operated under this condition for 24 days in February 2006. The TMP increased from 1.5 psi to 1.8 psi, indicating that the TMP would reach 8 psi after approximately 17 months of operation.
The goal of the final operating period shown in Figure 5 was to determine the fouling performance of the system while operating at the typical conditions that the Lancaster MBR plant will be operated at. This facility is designed to operate at a flux of 10.5 gfd with a production cycle of 12 minutes permeation/45 seconds relaxation. The pilot system was operated at 10.4 gfd and the design production cycle for 30 days from February to March 2006. The TMP increased from 1.4 psi to 1.7 psi, indicating that the TMP would reach 8 psi after approximately 22 months of operation. After demonstrating that the system could be run with the 10/30 cycle for extended periods of time between cleanings at fluxes up to 12 gfd, the fouling rates at 15 and 18 gfd were determined. For this testing, the production cycle was 12 minutes permeation/45 seconds relaxation. As with the 10/10 cycle, the fouling rate at 15 gfd was determined over a 2 day period. Testing at 18 gfd was terminated after only 4 hours, as opposed to 24 hours for the 10/10 cycle, due to the significant fouling observed. The fouling rates at 15 and 18 gfd were determined to be approximately 1.1 and 9.4 psi/day, respectively. These rates were significantly higher than what was observed with 10/10 cycle operation ( Figure 6 ). The fouling rate at 15 gfd was eleven times higher (1.1 psi/day versus 0.1 psi/day) while the fouling rate at 18 gfd was 31 times higher (9.4 psi/day versus 0.3 psi/day). These results indicate that if the 10/30 cycle is implemented at full-scale, an operations strategy that includes flow equalization to maintain fluxes below 12 gfd would need to be implemented. Alternatively, the system could be operated so that when fluxes are below 12 gfd, the 10/30 cycle would be implemented. As flows, and thus fluxes, increase beyond this level, the system would then be switched back to the 10/10 cycle. For the 10/10 cycle, total power consumption was estimated to be 923,400 kW-hr per year. Of this, roughly 40% (361,300 kW-hr) would be due to the membrane air scour blowers, while 27% (244,900 kW-hr) would be due to the process air blower. Implementation of the 10/30 cycle would result in approximately a 20% reduction (180,600 kW-hr) of the overall power requirements, and thus costs, for the system. The consumption due to the membrane blowers under this scenario would be reduced to 24% of the total, while the process blower contribution would increase to 33%. 
SUMMARY
A pilot-scale evaluation was conducted to compare the ability of two coarse bubble aeration cycles to control biofouling while operating over a range of flux values. The findings of this study include the following:
• While operating the pilot-scale MBR system with the 10/10 aeration cycle for a two month period at a flux of 12 gfd, there was no measurable fouling. At fluxes of 15 and 18 gfd, the fouling rates were approximately 0.1 and 0.3 psi/day, respectively.
• While operating with the 10/30 aeration cycle at a flux of 12 gfd, a relatively significant amount of fouling was observed after only 14 days of operation. The TMP increased from 1.4 psi to 2.9 psi, indicating that under these conditions, long operating periods cannot be
